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We  demonstrate  the  fabrication  of  a  novel  micromachined  Thermoelectric  Nanowire  Characterization 
Platform  (TNCP)  which  will  be  utilized  to  characterize  the  thermoelectric  properties  of  a  single  thermo¬ 
electric  Bi2Te3  nanowire.  The  TNCP  is  composed  of  two  adjacent,  symmetric  and  suspended  Si  cantilevers 
with  a  length  of  1000  |xm,  a  width  of  100  |xm  and  a  thickness  of  10  jxm.  Microheaters,  temperature  sen¬ 
sors  and  electrodes  are  fabricated  on  both  cantilevers.  Furthermore,  a  V-groove  is  integrated  on  the  tip 
of  each  cantilever,  in  order  to  accommodate  one  single  nanowire  inside.  The  integration  of  the  single 
nanowire  onto  the  TNCP  is  conducted  by  means  of  dielectrophoresis  (DEP)  in  combination  with  a  con¬ 
trolled  deposition  and  evaporation  of  a  water  droplet  where  the  nanowires  are  dispersed.  In  addition 
to  the  DEP  application,  surface  modifications  are  applied  to  form  hydrophilic  and  hydrophobic  surfaces 
on  different  parts  of  the  cantilevers,  to  improve  the  water  droplet  deposition.  In  the  end,  one  single 
nanowire  is  successfully  integrated  in  the  V-grooves  bridging  the  cantilevers  and  ready  for  the  further 
thermoelectric  properties  measurements.  Within  a  series  of  200  experiments,  approximately  1 0%  of  them 
are  successfully  observed  with  one  nanowire  situated  in  the  V-grooves  as  desired.  The  optimal  applied 
voltage  and  frequency  parameters  for  the  DEP  deposition  process  are  in  the  range  from  5  V  to  8  V,  and 
from  150  kHz  to  8  MHz  respectively. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Quasi-one-dimensional  nanostructures,  such  as  nanowires, 
nanotubes,  nanorods  have  widely  drawn  attentions  not  only  in 
the  scientific,  but  also  in  the  industrial  field,  owing  to  their 
infinitesimally  small  dimensions  and  unique  properties.  Especially, 
nanowires  are  becoming  more  and  more  attractive  for  a  variety  of 
device  applications  including  field-effect  transistors  [1,2],  nanosen¬ 
sors  [3],  photodetectors  [4]  and  so  on.  Within  this  trend,  superior 
thermoelectric  nanowires,  made  from  Bi2Te3  or  Sb2Te3,  are  con¬ 
sidered  to  play  a  major  role  in  the  design  of  thermoelectric  power 
generators  with  improved  conversion  efficiency  [5,6]. 

The  so-called  “figure  of  merit”  (denoted  as  ZT)  indicates  the 
thermoelectric  efficiency  of  every  thermoelectric  material  which 
is  formularized  as  follows: 
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where  cr  is  the  electrical  conductivity,  S  is  the  Seebeck  coefficient 
and  k  is  the  thermal  conductivity  of  the  thermoelectric  material.  Eq. 
(1 )  tells  us  that  the  ZT  value  can  only  be  calculated  for  a  nanowire, 
when  cr,  S  and  k  are  measured  on  the  same  single  specimen. 
However,  so  far  the  majority  of  previous  research  was  made  to  mea¬ 
sure  merely  one  or  two  of  the  three  parameters,  with  nanowires 
formed  in  bundles,  mats  or  arrays  [7,8].  Moreover,  variations  of 
the  nanowire  geometry,  crystallographic  structure  or  composition 
in  nanowire  arrays  or  bundles  make  the  ensemble  measurements 
unreliable  for  fundamental  research  on  the  underlying  physical 
mechanism  of  the  thermoelectric  charge  carrier  transport.  For  an 
understanding  of  the  thermoelectric  properties,  measurements  on 
single  nanowires  are  required  to  investigate  the  precise  influence 
of  nanowire  diameter,  length,  crystallographic  structure  and  chem¬ 
ical  composition.  Therefore,  our  research  is  focused  on  developing 
a  platform  to  determine  cr,  S  and  k  concurrently  on  one  single 
nanowire.  For  this  purpose,  after  the  fabrication  of  the  TNCP,  a 
technique  was  developed  that  allows:  firstly,  to  assemble  a  sin¬ 
gle  nanowire  on  a  specific  position  of  the  TNCP;  and  secondly,  to 
establish  a  well-defined  thermal  and  electrical  connection. 

To  date,  diverse  methods  have  been  developed  for  nanowire 
assembly  ranging  from  Langmuir-Blodgett  technique  [9],  optical 
tweezers  [10-13],  electric  field-assisted  alignment  (DEP)  [14-19] 
and  fluidic  directed  assembly  [20]  to  the  direct  growth  of  nanowires 
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Fig.  1.  TNCP  profile  measured  by  a  white  light  interferometer. 


Fig.  2.  SEM  image  of  the  cantilever  tips.  Meander  shaped  Pt  resistor  works  not  only 
as  a  heater  but  also  as  a  temperature  sensor  to  probe  the  temperature  on  the  can¬ 
tilevers.  An  electrical  field  is  generated  on  the  DEP  electrodes  for  the  nanowire 
assembly.  Inset:  Four  electrodes  are  designed  on  the  bottom  of  the  V-grooves  in 
order  to  measure  the  thermal  and  electrical  conductivity. 


on  the  pre-fabricated  device  [21].  Among  these  methods,  DEP  has 
been  adopted  to  perform  nanowire  alignment  in  this  study,  because 
it  can  be  used  under  ambient  conditions  without  expensive  equip¬ 
ment.  Nanowires  are  suspended  in  a  liquid  medium,  and  then 
dielectrophoresis  is  used  to  direct  and  move  the  nanowires  by 
means  of  electrical  fields.  The  guiding  field  is  generated  by  applying 
an  AC  voltage  to  a  specific  DEP  electrode  on  the  TNCP  cantilevers. 
The  applied  AC  voltage  and  frequency  have  a  significant  impact  on 
the  behavior  of  the  nanowire  inside  the  electric  field. 

2.  TNCP  design,  modeling  and  fabrication 

2.1.  Design  and  modeling 

The  TNCP  is  comprised  of  two  symmetric  and  facing  Si  can¬ 
tilevers  which  are  1000  |xm  long,  100  |xm  wide  and  10  p,m  thick, 
as  shown  in  Fig.  1.  Because  the  nanowires  have  different  lengths 
and  will  be  assembled  on  the  TNCP  by  bridging  the  two  cantilevers, 
the  gap  between  the  tips  of  the  two  cantilevers  is  varied  from  10 
to  25  [xm.  The  cantilevers  are  designed  as  free-standing  structure 
in  order  to  provide  a  sufficient  thermal  insulation  of  the  nanowire 
from  the  silicon  substrate  as  a  prerequisite  for  a  precise  measure¬ 
ment  of  the  thermal  conductivity  /c. 

Each  cantilever  carries  a  meander-shaped  structure  made  of 
platinum  (Pt)  which  has  a  total  length  of  570  |xm,  a  width  of  1 .5  p,m 
and  a  thickness  of  200  nm.  For  the  Seebeck  coefficient  measure¬ 
ments  this  Pt  resistor  serves  not  only  as  a  microheater  to  establish 
a  temperature  difference  between  the  cantilevers,  hence,  over  the 
aligned  nanowire,  but  also  as  a  temperature  sensor  to  detect  the 
actual  temperature  on  the  cantilevers  (Fig.  2).  The  Pt  resistors  are 
connected  to  185  |xm  x  185  |xm  Pt  bond  pads  on  the  substrates  via 
1400  |xm  long,  30  fxm  wide  and  200  nm  thick  Pt  leads  on  the  long 
suspended  cantilevers.  The  Pt  leads  are  designed  much  wider  than 
the  Pt  meander  structure,  and  as  such  the  resistance  of  Pt  mean¬ 
der  structure  is  a  lot  higher  than  that  of  the  Pt  leads.  In  this  way, 
the  majority  of  the  voltage  drop  and  heating  effect  is  generated 
by  the  Pt  meander  structure  and  located  at  the  cantilever  tip,  as 
desired.  Symmetric  V-grooves  are  designed  on  each  cantilever  tip 
via  anisotropic  etching  in  order  to  accommodate  the  ends  of  a  single 
nanowire  bridging  the  two  cantilevers.  The  width  and  depth  of  the 
V-grooves  are  2  |xm  and  1.41  |xm,  respectively.  Four  electrodes  are 
deposited  on  the  bottom  of  each  V-groove  for  the  latter  four-point 
measurement  of  the  electrical  conductivity  a  and  a  3co  approach 
[22]  for  the  /c  measurement  (see  Fig.  2  inset).  Also,  two  electrodes 
are  designed  symmetrically  on  each  cantilever  for  DEP. 


Additionally,  the  shape  of  cantilever  tips  is  designed  in  three  dif¬ 
ferent  types,  as  shown  in  Fig.  3.  For  nanowire  assembly,  it  is  useful 
to  investigate  how  the  liquid  droplet,  which  contains  nanowires 
inside,  can  be  guided  on  the  cantilever  tips  based  on  different 
shapes. 

As  mentioned  before,  the  meander-shaped  Pt  structure  is 
designed  as  the  microheater  to  establish  the  temperature  gradient 
across  the  two  cantilevers.  Our  idea  is  to  heat  up  the  left  cantilever 
by  applying  current  on  the  microheater,  while  the  other  cantilever 
remains  at  room  temperature.  Due  to  the  temperature  gradient, 
a  voltage  drop  is  expected  to  be  produced  on  the  thermoelectric 
nanowire.  In  such  way,  the  Seebeck  coefficient  can  be  measured  by 
using  the  equation  S  =  AV/AT.  Therefore,  it  is  necessary  to  deter¬ 
mine  the  heat  distribution  on  the  cantilever  and  also  to  confirm  that 
the  heat  generation  is  focused  on  the  Pt  meander  structure,  not  on 
the  Pt  leads.  For  this  reason,  a  2D  model  as  shown  in  Fig.  4  is  used  for 
thermal  FEM  simulations  with  ANSYS.  In  this  simulation,  the  ref¬ 
erence  temperature  has  been  set  to  the  room  temperature  (293 1<). 
The  temperature  on  the  bottom  of  the  TNCP  chip  is  also  fixed  to 
room  temperature.  We  assume  the  chip  holder,  in  which  the  TNCP 
will  be  mounted  in  a  final  stage  to  be  isothermal  here.  For  the  elec¬ 
trical  boundary  condition,  a  voltage  of  U= 0.5  V  is  applied  to  the 
microheater  via  the  according  rectangular  bond  pads  in  the  model. 
From  that,  a  temperature  difference  of  4.3 1<  is  created  between  the 
two  ends  of  the  nanowire  which  is  fairly  sufficient  for  the  mea¬ 
surement.  Most  of  the  heat  is  generated  directly  on  the  meander 
structure  as  intended  with  this  design.  We  can  see  from  the  simula¬ 
tion  that  the  left  cantilever  is  heated  up  very  homogenously  around 
the  heating  structure,  while  the  right  cantilever  remains  unaffected. 

In  the  TNCP  design,  there  is  an  insulation  layer  stack  of 
Si02  /Si3  N4  between  the  metal  layer  and  the  Si  layer  in  order  to  avoid 
electrical  and  thermal  leakage  currents.  However,  as  the  current  is 
applied  on  the  microheater,  a  small  amount  of  heat  will  penetrate 
the  insulation  layer  to  the  Si  layer  which  might  cause  cantilever 
bending  due  to  the  different  coefficients  of  thermal  expansion 
between  the  Si02/Si3N4  layer  stack  and  the  Si  layer.  Thus,  another 
FEM  simulation  has  been  conducted  to  determine  the  mechani¬ 
cal  deflection  of  the  long  suspended  cantilever  beam  in  advance  of 
fabrication.  The  issue  is  extraordinarily  vital  for  the  TNCP  design 
and  the  nanowire  assembly,  because  the  displacement  of  the  can¬ 
tilever  could  damage  the  assembled  single  nanowire,  and  would 
as  well  make  the  assembly  process  more  difficult.  The  simulation 
results  show  that  the  maximum  deflection  is  located  on  the  edge  of 
the  cantilever  (as  shown  in  the  red  area),  which  is  approximately 
38  nm  (see  Fig.  5).  In  this  study,  the  thermoelectric  nanowires  have 
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Fig.  3.  Three  types  of  cantilever  tips  for  liquid  guiding. 


a  diameter  in  the  range  between  200  nm  and  300  nm  and  a  length 
from  20  fxm  to  40  fxm.  The  deflection  of  the  cantilever  beam  is  by 
far  smaller  than  the  dimensions  of  the  nanowire,  and  hence  can  be 
neglected.  Also,  from  our  experiments  described  in  Section  3.2.2, 
we  were  not  experiencing  any  problems  in  NW  deposition  by  using 
the  microheater  structures  to  accelerate  the  assembly  process. 

2.2.  TNCP fabrication 

The  batch-fabrication  of  the  TNCP  is  started  with  1 00  mm  diam¬ 
eter  silicon-on-insulator  (SOI)  wafers  with  a  380  [xm  thick  handle 
Si  layer,  a  1  |xm  thick  buried  Si02  layer  and  a  10  pan  thick  device 
Si  layer  on  the  top.  First,  300  nm  Si02  and  100  nm  Si3N4  layers  are 
deposited  on  both  sides  of  the  SOI  wafer  by  means  of  wet  thermal 
oxidation  and  low  pressure  chemical  vapor  deposition  (LPCVD), 
respectively  (Fig.  6a).  The  Si02/Si3N4  stack  layer  serves  as  a  mask  for 
the  latter  Si  anisotropic  wet  etching.  Two  photolithography  steps 
are  executed  on  both  sides  and  the  photoresist  pattern  is  trans¬ 
ferred  to  the  Si02/Si3N4  layer  by  reactive  ion  etching  (RIE).  After 
the  RIE  step,  the  V-grooves  and  cavities  on  the  surface  and  the  bot¬ 
tom  side,  respectively,  are  formed  via  wet  chemical  etching  with 
30%  potassium  hydroxide  (KOFI)  solution  at  a  temperature  of  60  °C. 
The  etch  rate  of  Si  by  KOFI  is  calculated  to  be  around  0.33  |xm/min. 
As  Si02  is  also  slightly  attacked  by  KOFI,  tetramethylammonium 
hydroxide  (TMAFI),  which  will  precisely  etch-stop  at  the  buried 
oxide  layer,  is  employed  to  substitute  KOFI  at  the  end  of  the  bottom- 
cavity  formation  (Fig.  6b).  Next,  hydrofluoric  acid  (HF)  is  used  to 
remove  the  Si02/Si3N4  layers  on  both  sides  including  the  buried 
oxide  layer  (Fig.  6c).  Afterwards,  wet  thermal  oxidation  and  LPCVD 
are  used  to  grow  a  new  Si02/Si3N4  layer  stack  on  both  sides  of 


Fig.  4.  FEM  simulation  of  heat  distribution  on  the  left  arm  of  the  TNCP.  The  elec¬ 
trical  voltage  of  0.5  V  is  applied  to  the  micro  heater  structure  of  the  left  cantilever 
(P= 0.75  mW).  The  reference  temperature  is  293  K.  A  temperature  difference  of  4.3 1< 
is  generated  between  the  left  and  right  cantilever  arms,  which  is  sufficient  to  mea¬ 
sure  the  properties  of  a  single  NW  in  between. 


the  membrane.  Due  to  the  uniform  Si02/Si3N4  layers  on  both  sides 
of  the  membrane,  the  internal  layer  stress  is  compensated.  This 
prevents  an  unwanted  stress-induced  bending  of  the  released  can¬ 
tilever.  Besides,  as  mentioned  before,  the  Si02/Si3N4  stack  layer 
also  effectively  prevents  the  current  leakage  while  the  current  is 
flowing  in  the  Pt  resistor.  After  the  deposition  of  a  10  nm  titanium 
(Ti)  adhesion  layer  and  a  200  nm  Pt  layer  on  the  top  by  means  of 
radio-frequency  (RF)  sputtering,  the  third  photolithography  step 
is  applied  to  pattern  this  metal  layer  via  ion  beam  etching  (IBE), 
as  shown  in  Fig.  6d.  Another  photolithography  step  is  utilized  to 
pattern  the  wafer  surface  for  the  deep  reactive  ion  etching  (DRIE) 
process  that  shapes  the  cantilevers  (Fig.  6e).  By  using  spray-coating 
of  a  photoresist,  the  backside  Si02/Si3N4  stack  layer  of  the  can¬ 
tilever  is  protected  from  the  next  RIE  step  (Fig.  6f).  Without  this 
protection  layer,  it  is  found  that  the  RIE  etching  gas  passes  through 
the  already  etched  region  to  the  backside  of  the  cantilevers  and 
removes  the  Si02/Si3N4  stack  layer  on  the  backside  which  is  detri¬ 
mental  for  the  stress  compensation  purpose  and  causes  a  bending 
problem  of  the  cantilever  after  its  release.  Using  RIE  on  the  top  side, 
the  cantilevers  are  finally  released  from  the  remaining  Si02/Si3N4 
stack  layer  and  the  photoresist  is  stripped  by  Diener  Tetra  oxygen 
plasma  (Fig.  6g). 

After  the  SOI  wafer  dicing,  approximately  600  TNCP  chips  with 
dimensions  of  2  mm  x  3  mm  (Fig.  6,  inset)  are  produced  on  one  SOI 
wafer.  Flowever,  a  large  amount  of  Si  particles  are  observed  sticking 
firmly  to  the  surface  of  the  TNCP  after  the  wafer  dicing,  as  shown 
in  Fig.  7a.  These  Si  particles  are  presumably  generated  during  the 
wafer  dicing  and  might  cause  short-circuit  when  current  is  applied 
to  the  metal  layers.  Therefore,  a  short  time  (^90  s)  dipping  of  the 
chips  into  a  30%  KOFI  solution  is  applied  to  remove  the  Si  particles, 
as  shown  in  Fig.  7b. 


Fig.  5.  FEM  simulation  of  the  thermal-mechanical  deflection  of  the  cantilever.  The 
applied  electrical  power  is  0.75  mW,  the  reference  temperature  293  K.  The  maxi¬ 
mum  deflection  at  the  cantilever  tip  (out-of-plane  bending)  is  approximately  38  nm, 
which  is  negligible. 
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Fig.  6.  Fabrication  process  of  the  TNCP.  Inset:  one  2  mm  x  3  mm  TNCP  comparing  to  one  Euro  cent  coin. 


3.  Nanowire  assembly 

3.1.  Dielectrophoresis 

Dielectrophoresis  is  becoming  increasingly  popular  because 
it  can  be  used  to  manipulate  micro-  or  nanoparticles,  such  as 
nanowires,  nanotubes  and  nanorods  which  are  dispersed  in  a  liquid 
medium  [16-18].  Dielectrophoresis  is  a  contact-free  and  non¬ 
destructive  technology  for  particle  manipulation.  The  definition  of 
the  dielectrophoretic  force  was  first  put  forward  by  Pohl  in  1951. 
An  uncharged  object  will  experience  a  translational  force, when 
it  is  brought  into  an  inhomogeneous  electric  field,  if.  The  force  is 
proportional  to  the  square  value  of  the  electric  field  [23,24].  In  more 
detail,  if  a  neutral  particle  experiences  an  external  electric  field,  this 
will  develop  an  induced  dipole  moment  within  the  particle  which 
is  expressed  as  follows: 

p  =  qd  (2) 


where  d  is  the  displacement  vector  and  q  is  the  charge  of  the  dipole. 
The  induced  dipole  moment  1?  is  highly  dependent  on  the  electric 
field  strength  and  the  polarizability  of  the  material. 

Due  to  the  external  nonuniform  electrical  field,  there  exists  a 
net  force  on  the  induced  dipole,  as  shown  in  Eq.  (3).  This  force  is 
proportional  to  its  dipole  moment  and  the  gradient  of  the  electric 
field. 

F  =  p  ■  VE  (3) 

By  adding  up  the  force  exerted  on  all  the  induced  dipoles  within 
the  particle,  the  dielectrophoretic  force  on  the  particle  can  be 
extrapolated.  Here,  the  electric  field  can  either  be  generated  by  a  DC 
voltage  or  an  AC  voltage  that  both  can  produce  nonuniform  electric 
fields.  In  addition  to  the  DEP  force,  the  induced  dipoles  also  result  in 
a  torque  which  aligns  the  particles  to  the  direction  of  the  external 
electric  field  [25,26].  Indeed,  the  polarizability  of  the  particle  and 
the  medium  are  playing  a  major  role  for  the  application  of  dielec¬ 
trophoretic  forces.  Generally,  if  the  polarizability  of  the  particle  ap 
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Fig.  7.  TNCP  cleaning  by  KOH  dip.  (a)  Before  KOH  dip  and  (b)  after  KOH  dip. 


is  greater  than  the  polarizability  of  the  medium  am ,  the  particle  will 
be  attracted  toward  the  region  with  the  higher  electric  field  gradi¬ 
ent.  This  is  named  as  positive  dielectrophoresis.  In  contrary,  when 
oim  is  higher  than  ap ,  the  particle  will  be  repelled  from  the  region 
of  higher  electric  field  gradient  to  the  region  of  lower  electric  field 
gradient,  which  is  called  negative  dielectrophoresis.  Therefore,  it 
is  necessary  to  note  that  the  movement  of  particles  by  DEP  force 
is  not  dependent  on  the  direction  of  the  external  electric  field,  but 
only  on  the  electric  field  gradient. 

In  this  work,  the  assembly  of  a  single  nanowire  has  been  studied 
by  using  the  DEP  effect  with  different  applied  voltages  and  frequen¬ 
cies.  For  cylindrical  particles,  as  assumed  for  thin,  long  nanowires, 
which  are  suspended  in  a  fluid  medium,  the  dielectrophoretic  force 
can  be  written  as  [27]: 

Fdep  =  -A^emRe[K(co)}  ■  (V|E|2)  (4) 

where  r  and  L  are  the  radius  and  length  of  the  nanowire,  respec¬ 
tively.  £m  is  the  permittivity  of  the  medium,  E  is  the  time-varying 
applied  electric  field,  and  I<(co )  is  the  Clausius  Mossotti  factor  for 
cylindrically  shaped  particles  as  a  complex  number.  The  real  part 
of  K{co)  can  be  expressed  as  follows  [27]: 


Re[I<{co)]  =  Re 


fpM 

£^n(oj) 


C02£p£m  +  OpOm 
CO^S2  I  ^j2 

UJ  cm  '  um 


(5) 


where  £p  is  the  permittivity  of  the  particle,  co  is  the  angular  fre¬ 
quency  of  the  applied  AC  voltage,  op  and  om  are  the  electrical 
conductivity  of  the  particle  and  of  the  fluid  medium,  respectively. 
The  ratio  [£p(co)  /  £^{co)  -  1]  can  be  changed  by  varying  the  fre¬ 
quency  co  of  the  applied  alternating  voltage.  When  the  ratio  exceeds 
zero,  which  makes  the  real  part  of  the  Clausius  Mossotti  factor 
Re[I<(co)]  >  0,  positive  DEP  force  is  exerted  on  the  nanowires.  In 
contrast,  when  the  ratio  becomes  smaller  than  zero,  i.e.  Re[I<(co)]  < 
0,  the  negative  DEP  force  arises  and  moves  the  nanowire  toward 
the  region  with  minimum  electric  field  (Fig.  8).  Clearly,  the  angular 
frequency  co  of  the  applied  AC  voltage  has  a  great  effect  on  the  DEP 
force  according  to  Eq.  (5).  Eqs.  (6)  and  (7)  depict  how  the  frequency 
affects  the  DEP  force  [28]. 

lim  Re[K(a>)]  =  £p~£m  (6) 

(D—^OO  £m 

lim  Re[I<{co)]  =  — — —  (7) 

qj^O  Om 


Obviously,  when  the  angular  frequency  co  tends  to  infinity,  DEP 
force  is  dominated  by  the  nanowire  permittivity  £p  and  the  solution 


permittivity  £m.  On  the  other  hand,  when  the  angular  frequency 
co  tends  to  zero,  the  electrical  conductivities  of  the  nanowire  and 
solution,  op  and  om,  become  dominant  and  thereby  determine  the 
DEP  force. 

3.2.  Experimental  details 

3.2 A.  Liquid  medium  selection 

In  the  beginning,  isopropanol  alcohol  (IPA)  solution  is  used 
to  suspend  the  Bi2Te3  nanowires.  However,  it  turns  out  that  IPA 
cannot  form  spherical  droplets  on  the  tips  of  the  cantilevers  and 
distributes  rapidly  along  the  cantilevers  due  to  the  surface  tension. 
The  other  drawback  of  IPA  is  that  it  evaporates  too  fast  to  benefit 
from  the  DEP  force.  Consequently,  DI  water  is  adopted  to  substitute 
IPA  solution.  By  using  an  aqueous  water  solution,  spherical  droplets 
with  nanowires  inside  can  be  readily  generated  on  the  tips  of  the 
cantilevers. 

3.2.2.  Nanowire  assembly  process 

In  our  work,  a  single  thermoelectric  Bi2Te3  nanowire  (Fig.  9) 
has  been  accurately  integrated  into  the  2  |jim  wide  V-grooves  at 
the  tips  of  the  cantilevers.  The  nanowires  have  a  diameter  ranging 
from  200  nm  to  300  nm  and  a  length  between  20  p,m  and  40  p,m. 
By  using  Eqs.  (5)  and  (6),  and  with  the  relative  permittivity  of 
a  Bi2Te3  nanowire  (£p  =  58  [29])  and  of  water  (£m  =  80),  respec¬ 
tively,  Re[I<{co)]  =  -0.275  at  a  frequency  of  6  MHz.  This  implies  that 
the  Bi2Te3  nanowires  will  be  dragged  to  regions  with  lower  elec¬ 
tric  field  strength.  According  to  Eq.  (4),  the  maximum  DEP  force 


Fig.  8.  DEP  force  on  a  nanowire  in  a  liquid  for  Re  [/((&>)]  <  0. 
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Fig.  9.  SEM  image  of  a  single  Bi2Te3  nanowire  which  presumably  possesses  superior 
thermoelectric  properties.  Inset:  a  large  number  of  nanowires  dispersed  on  one  Si 
wafer. 

exerted  on  a  nanowire  is  approximately  -44  |jiN  which  pushes  the 
nanowire  up  to  the  dome  of  the  droplet  with  an  oriented  direc¬ 
tion  parallel  to  the  surface  of  the  cantilevers  and  the  V-grooves 
(Fig.  10a). 

For  nanowire  assembly,  the  nanowires  are  suspended  in  DI 
water  solution  at  first.  The  water  sample  is  diluted  so  that 
nanowires  can  be  separated  into  smaller  fractions.  A  small  droplet 
(50-1 00  nl)  is  dispensed  on  the  cantilever  by  using  a  micro-scale 
pipette  with  a  200  [xm  diameter  tip  which  is  coated  with  Teflon. 
As  time  elapses,  the  droplet  shrinks  due  to  the  evaporation.  Mean¬ 
while,  the  nanowires  remain  within  the  confinement  given  by  the 
droplet  and  hover  above  the  TNCP  cantilever  tips.  An  AC  voltage  is 
applied  to  generate  a  negative  DEP  force  and  to  orient  and  polarize 


the  nanowires.  The  negative  DEP  force  turns  out  to  be  advantageous 
for  nanowire  assembly.  If  the  DEP  force  was  positive,  nanowires 
would  be  attracted  randomly  to  the  entire  cantilever  surface  very 
fast,  and  become  immobilized  before  they  are  precisely  aligned. 
With  a  negative  DEP  force,  the  nanowires  are  forced  toward  the 
dome  of  the  droplet,  in  a  perfect  alignment  to  the  cantilever’s  V- 
grooves.  By  evaporation  of  the  droplet,  the  nanowire  is  pulled  close 
and  close  to  its  intended  landing  site.  After  the  droplet  is  fully 
evaporated,  at  least  one  nanowire  is  bridging  the  cantilever  tips, 
this  process  is  demonstrated  in  Fig.  lOa-d.  The  frequency  of  the 
applied  AC  voltage  should  be  greater  than  at  least  150kFIz.  It  is 
found  that  for  frequencies  below  150  kHz,  a  large  amount  of  bub¬ 
bles  occur,  which  severely  corrode  the  electrodes.  This  corrosion 
effect  is  related  to  the  electrolysis  of  water  on  the  DEP  electrodes, 
which  also  appears  for  large  enough  DC  voltages. 

3.2.3.  Surface  modification 

While  performing  the  water  droplet  deposition,  it  is  found  that 
the  water  droplet  easily  sticks  to  other  parts  of  the  TNCP,  not  exclu¬ 
sively  to  the  cantilever  tips.  This  is  because  the  whole  TNCP  surface 
has  hydrophilic  property.  Therefore,  the  surface  properties  of  the 
TNCP  are  selectively  modified  for  an  improved  nanowire  assembly. 
The  tips  of  the  cantilevers  are  at  first  manually  coated  with  photore¬ 
sist,  as  illustrated  in  Fig.  11.  Afterwards,  a  100  nm  thick  Teflon-like 
polymer  layer  is  coated  on  the  whole  TNCP  chip  by  means  of 
Octafluorocyclobutane  (C4F8)  plasma.  After  removal  of  the  pho¬ 
toresist  using  acetone,  the  cantilever  tips  remain  hydrophilic,  while 
all  the  other  parts  of  the  TNCP  surface  exhibit  a  hydrophobic  behav¬ 
ior.  This  treatment  considerably  facilitates  the  deposition  of  water 
droplets  onto  the  tips  of  the  cantilevers. 

3.2.4.  Acceleration  of  water  droplet  evaporation 

After  the  successful  deposition  of  one  water  droplet  on  the  can¬ 
tilever  tips,  it  is  found  that  the  water  droplet  takes  a  long  time 
(4  min)  to  evaporate  completely.  This  is  undesired  for  a  controlled 
nanowire  assembly,  as  it  allows  the  nanowires  to  move  inside  the 


Fig.  10.  Evaporation-assisted  nanowire  assembly,  (a)  A  water  droplet  is  dispensed  on  the  tips  of  cantilevers:  an  AC  voltage  is  applied  to  produce  a  negative  DEP  force  in  the 
meantime,  (b)  Due  to  the  negative  DEP  force,  the  nanowire  is  repelled  from  the  cantilever  tips  to  the  dome  of  the  water  droplet,  and  it  is  directed  parallel  to  the  electric  field 
direction  because  of  torque  generated  by  the  induced  dipoles,  (c)  As  the  water  droplet  evaporates,  the  confined  nanowire  has  less  space  to  move,  (d)  Finally,  the  nanowire  is 
positioned  in  the  V-grooves  after  the  water  droplet  is  entirely  evaporated. 
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Fig.  11.  Hydrophilic  and  hydrophobic  surfaces  generation  by  Teflon-like  polymer 
deposition.  After  resist  stripping,  the  tips  of  the  cantilevers  possess  hydrophilic 
surface  while  the  other  parts  of  TNCP  exhibit  hydrophobic  property. 


droplet  in  an  uncontrolled  way,  with  all  negative  side  effects,  for 
instance,  agglomeration  or  unwanted  surface  adhesion.  Hence,  the 
microheaters  on  the  cantilever  tips  are  used  to  heat  up  the  water 
droplet  with  a  total  applied  electrical  power  of  5.2  mW  to  reduce  the 
dry-out  time  to  30  s  (Fig.  12).  Shortly  before  the  complete  evapora¬ 
tion  of  the  droplet  (after  approximately  25  s),  the  electrical  power 
is  turned  off,  in  order  that  the  nanowire  can  be  positioned  into  the 
V-grooves  without  any  other  electrical  or  thermal  disturbances. 
During  the  heating,  some  bubbles  are  observed  in  the  vicinity  of 
the  cantilevers,  as  seen  in  Fig.  12b  and  c.  Proper  explanation  to  this 
phenomena  is  that  the  heated  water  droplet  is  evaporating  fast  at  a 
high  temperature  in  the  region  of  the  cantilever  tips,  and  then  the 
evaporated  water  condenses  again  at  the  side  walls,  which  are  still 
at  room  temperature.  As  seen  in  Fig.  12d,  the  final  confinement  of 
the  nanowires  is  taking  place  as  expected.  The  remaining  droplet 
volume  after  a  time  of  25  s  is  approximately  10  nl. 


3.2.5.  Determination  of  one  assembled  nanowire 

The  in  situ  assembly  process  of  one  nanowire  cannot  be  readily 
observed  under  an  optical  microscope  which  is  a  big  obstacle  for 
the  study  of  the  assembly  mechanism.  Therefore,  a  novel  method 
has  been  developed  to  determine  the  assembly  success  in  this  work. 
The  evaporation  behavior  of  the  droplet  gives  an  indication  for  the 
success.  With  nanowires  inside  the  V-grooves  the  water  droplet  is 
trapped  and  evaporates  along  the  nanowires  due  to  the  adhesive 
forces.  As  a  consequence,  the  water  droplet  vanishes  in  the  same 
horizontal  line  as  the  V-grooves  (Fig.  13a).  If  the  nanowire  is  not 
situated  in  the  V-grooves,  it  can  be  observed  in  the  microscope  that 
the  water  droplet  evaporates  in  another  spot  where  the  nanowire 
is  located,  but  not  in  the  horizontal  line  of  the  V-grooves.  On  some 
occasions,  there  is  even  no  nanowire  in  the  water  droplet  if  it  is 
many  times  diluted.  In  this  case,  the  water  droplet  will  coalesce 
at  one  of  the  cantilever  tips  (Fig.  13b).  Therefore,  the  evaporation 
pattern  of  the  water  droplet,  which  is  easily  observed  under  an 
optical  microscope  gives  a  detailed  insight  into  the  deposition  of 
the  optically  invisible  nanowire.  This  helps  to  avoid  time-intensive 
SEM  inspection. 

4.  Results  and  discussion 

The  dielectrophoretic  force  used  for  nanowire  deposition  is 
strongly  dependent  on  the  applied  AC  voltage  and  the  frequency, 
as  seen  in  Eqs.  (4)  and  (5).  From  the  experimental  results,  the 
frequency  of  the  applied  sinusoidal  signal  has  to  be  larger  than 
150  kHz.  Otherwise,  electrolysis  takes  place  on  the  DEP  electrodes 
which  inhibits  the  nanowire  deposition.  When  the  frequency  is 
increased  from  150  kHz  to  10  MHz,  no  significant  difference  has 
been  observed  for  the  DEP  force.  On  the  other  hand,  the  applied 
peak-to-peak  AC  voltage  plays  an  important  role.  By  varying  the 
voltage  from  1  Vpp  to  10  Vpp,  while  the  frequency  is  fixed  at  1  MHz, 
which  is  high  enough  to  avoid  electrolysis,  nanowires  deposition 
varies  considerably,  as  depicted  in  Fig.  14.  The  results  are  selected 
from  a  set  of  twenty  nanowire  assembly  experiments.  In  these 
experiments,  the  DI  water  solution  with  nanowires  inside  is  not 
diluted,  leading  to  a  relatively  large  number  of  nanowires  in  the 
extracted  80  nl  droplet.  We  assume  that  the  extracted  water  droplet 


Fig.  12.  Dry-out  process  of  an  80  nl  water  droplet.  The  evaporation  of  water  droplet  is  accelerated  by  applying  an  electrical  power  of  5.2  mW  to  the  microheaters.  The 
evaporation  time  is  thereby  reduced  from  4  min  to  30  s.  Water  droplet  evaporation  process  in  respect  to  the  time,  (a)  0  s,  (b)  5  s,  (c)  15  s  and  (d)  25  s. 
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Fig.  13.  Determination  of  the  success  of  nanowire  assembly. 


Fig.  14.  SEM  images  showing  nanowire  assembly  between  the  two  cantilevers  at  different  applied  AC  voltages,  the  applied  frequency  is  fixed  at  1  MHz  (a)  1  Vpp,  (b)  3  Vpp, 
(c)  6VPP  and  (d)  10  Vpp. 


contains  nearly  the  same  amount  of  nanowires  each  time.  Fig.  14a 
demonstrates  that  due  to  the  very  small  applied  voltage  (1  Vpp), 
only  few  nanowires  are  aligned  in  the  vicinity  of  the  V-grooves 
and  no  bridged  nanowires  are  observed.  For  a  voltage  of  3VPP 
and  higher,  the  tips  of  the  cantilevers  where  the  V-grooves  are 
located  are  bridged  by  multiple  nanowires.  The  relation  between 
the  applied  voltage  and  the  DEP  force  is  shown  in  Fig.  15.  With 
increased  voltage,  the  DEP  force  raises  almost  quadratically  which 
leads  to  more  nanowires  aligned  and  directed  above  the  electrodes. 
After  the  water  droplet  is  evaporated,  they  are  situated  inside  and 
outside  the  V-grooves  (Fig.  14d).  It  is  necessary  to  note  that  assem¬ 
bly  of  the  nanowires  could  be  interfered  by  hydrodynamic  forces 
or  Van  der  Waals  forces.  Therefore,  some  nanowires  in  Fig.  14d  are 
not  aligned  in  the  direction  of  the  V-grooves. 

The  TNCP  chips  with  the  rectangular  shaped  cantilever  tips 
(Fig.  3a)  have  been  used  to  perform  nanowire  assembly  exper¬ 
iments  with  preference  over  the  other  two  types.  Because  the 
rectangular  cantilever  tips  have  more  surface  area  which  can  effec¬ 
tively  hold  the  water  droplet  above  (Fig.  12d).  However,  the  water 
droplet  has  been  frequently  observed  falling  down  on  the  other 
two  types  of  cantilever  tips.  The  deposition  of  a  nanowire  was 
not  successful  in  all  experiments,  as  the  number  of  nanowires  per 


droplet,  their  aggregation  state  or  deposition  at  unwanted  positions 
cannot  be  completely  excluded.  However,  within  a  series  of  200 
nanowire  assembly  experiments,  about  10%  were  successful  with 
one  nanowire  situated  in  the  V-grooves  as  requested  (Fig.  16).  This 
justifies  the  efficiency  of  the  combined  evaporation-DEP  process. 


Applied  peak-to-peak  voltage  Vpp,  V 
Fig.  15.  DEP  force  with  respect  to  the  applied  peak-to-peak  voltage. 
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Fig.  16.  Result  of  a  successful  experiment,  with  a  single  nanowire  bridging  the  two 
cantilever  tips.  (DEP  voltage:  6  Vpp,  frequency:  8  MHz.) 


After  the  nanowire  is  successfully  assembled  into  the  V-grooves, 
the  nanowire  only  physically  contacts  the  electrodes.  Therefore,  an 
electrical  contact  has  to  be  generated  between  the  nanowire  and 
the  electrodes  for  further  measurements.  As  such,  a  small  amount 
of  Pt  is  deposited  on  top  of  each  contact  between  the  nanowire 
and  electrodes  by  means  of  Scanning  Electron  Microscope  (SEM) 
Focused  Ion  Beam  (FIB)  deposition.  However,  it  is  found  that  due  to 
the  1.41  |jim  deep,  2  [xm  wide  V-grooves,  the  FIB  deposition  takes  a 
long  time  to  fill  out  the  V-grooves  with  Pt  at  each  contact  point,  and 
too  much  Pt  is  wasted.  Thus,  a  new  generation  of  TNCP  without  V- 
grooves  has  been  fabricated  recently,  while  all  the  other  parameters 
of  the  new  TNCP  are  kept  the  same  as  in  the  former  version.  With 
the  FIB  deposited  Pt  on  top  (Fig.  17),  electrical  contact  between  the 
nanowire  and  the  electrodes  has  been  generated.  Fig.  18  shows  the 
I-V  curves  for  a  Bi2Te3  nanowire  assembled  by  DEP. 


Fig.  17.  FIB  deposition  of  a  small  Pt  patch  on  the  top  of  the  nanowire  and  electrode 
contact  to  generate  electrical  contact  and  to  firmly  fix  the  nanowire  as  well. 


Fig.  18.  (a)  I-V  curve  before  Pt-FIB  deposition  caused  by  noise  and  leakage  currents, 
(b)  I-V  curve  after  Pt-FIB  deposition,  the  applied  voltage  is  between  -100  mV  and 
100  mV,  and  the  current  is  measured  between  -6.56  pA  and  6.39  pA. 


5.  Conclusion 

A  novel  Thermoelectric  Nanowire  Characterization  Platform 
(TNCP)  has  been  designed,  modeled  and  fabricated.  All  relevant 
functional  structures,  such  as  microheaters,  V-grooves  and  DEP 
electrodes,  have  been  integrated  on  the  TNCP.  The  microheaters 
can  be  used  not  only  to  establish  the  temperature  difference  over 
the  aligned  nanowire  but  also  to  detect  the  actual  temperature  on 
the  cantilevers.  Later  it  is  found  that  the  microheaters  can  further 
be  used  to  accelerate  the  evaporation  of  the  water  droplet  during 
the  nanowire  deposition  process.  The  influence  of  the  applied  AC 
voltage  and  frequency  on  the  dielectrophoretic  force  has  been 
investigated.  Only  frequencies  above  150  kHz  can  be  utilized 
to  perform  the  dielectrophoresis  in  order  to  avoid  electrolysis. 
Referring  to  the  voltage,  it  is  observed  that  higher  voltages  (>3  Vpp) 
result  in  higher  dielectrophoretic  force  which  can  effectively  align 
and  direct  the  nanowires.  The  best  nanowire  assembly  results  are 
situated  in  the  applied  DEP  voltage  range  between  5  V  and  8  V 
and  frequency  from  150  kHz  to  8  MHz.  The  geometry,  permittivity 
and  polarizibility  of  the  nanowires  have  also  a  strong  effect  on  the 
dielectrophoretic  force.  Especially,  the  polarizibility  determines 
whether  the  nanowires  experience  a  positive  or  negative  DEP 
force.  In  our  work,  the  negative  DEP  force  has  been  implemented 
to  align  a  single  thermoelectric  Bi2Te3  nanowire  which  dragged 
the  nanowire  away  from  the  cantilevers  tips  but  still  the  nanowire 
was  confined  in  the  water  droplet.  Through  the  combination  with 
droplet  shrinkage  during  evaporation,  the  single  nanowire  has  been 
assembled  into  the  V-grooves  bridging  the  two  cantilevers.  During 
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the  experiments,  surface  modifications  have  been  employed  to 
facilitate  the  water  droplet  deposition  and  a  new  measure  has  been 
developed  to  determine  the  success  of  the  nanowire  assembly 
via  the  observation  of  the  droplet  evaporation  scheme.  Finally, 
electrical  contact  has  been  successfully  generated  between  the 
assembled  nanowire  and  electrodes  via  Pt-FIB  deposition  and  the 
I- V  curve  of  Bi2Te3  nanowires  has  been  presented. 
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